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1 ANALYSIS OF THE VACCINATION MODEL WITH LIVE VACCINES

Let us consider the following system of ordinary differential equations:

S =AM (S, I, R, V1) + (1 = p12 — p13)AVI — BWS — p11¢1S — pS,
I =pBWS+ p13AVi — (u+d+)1,

R =~1 + p12AV1 — pR,

Vi=pué1S — (u+ M)W,

U=Ap(M)—alU —(1-20§)aV U —nU,

W =alU + (1 = 0)aViU —gW

)

with A (5,1, R, Vi) = (b—gN)(S + R) +1r1(b — gN)I + r2(b — ¢N)Vi, Ap(M) = (g — zM)M,
q = (b— u)/NY (where NV is the carrying capacity of the ruminant population), and z = (g — 1)/M°
(where MV is the carrying capacity of the mosquito population). Note that we always assume that b > p
and g > 7 throughout our work for positive numbers of the maximum sizes of ruminant and mosquito
populations, respectively. Following the properties of solutions of system (1), we define the closed and

positively invariant set:

F:{(S[va UW)€R6| S+[+R+V1§M’U+W§(9;77)’
y Ly L, )y Yy +SZO7IZO,RZO,€/1207UZO7WZO
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1.1 WITH VACCINATED RUMINANTS AT THE INTRODUCTION BUT NO ADMINISTRATION
OF VACCINES AFTERWARD (p;; = 0 AND V;(0) > 0)

Under the assumption that p1; = 0, the number of vaccinated ruminants by live vaccines is described as
follows:

Vi(t) = Vi(0)e (L, 2)

It depends on the initial number of vaccinated ruminants and duration that ruminants stay in the
vaccination class, and declines from V} (0) toward zero over time.

1.1.1 Steady states There are four disease-free steady states:

(5717R7V17U7W) = 07070707070>7((b - u)/q7070707070)7<07070707<g - 77)/%0)7 and ((b -
1)/q,0,0,0,(g — n)/z,0). The first three steady states are always unstable which can be proved by
considering the signs of eigenvalues of the Jacobian matrix of (1) at each steady state or using Routh-
Hurwitz stability criterion. Stability of the disease-free steady state P° = ((b — p)/q,0,0,0,(g —
n)/z,0) depends on the basic reproductive number of (1) and is further investigated below. There
exists a disease-present (endemic) steady state without vaccination (P*) in I': (S, I, R, V1, U, W) =
(S*, I*, R*, Vi, U*, W*) with

r(p+d+v)(n+17)
B(g—n)

and [* satisfying the following second-order polynomial equation:

I —~ —n)I*
o = o = g =m) e lg=mI™
ax(n+ I%) x(n+I%)

Col* + C1TF + Cy = 0,

where
C: = (o + ) (%mﬂ)m(%mg),
Cr= e (S +a+3) - (s + 1) (- s
(b Y 1 () 4 )
Co = =525 (0= ) — =555

=Ny >S5*> x(“zrdJr’y LETETVNY T* is given by

—C1 + \/012 — 4CyHCy
" = )

a 205

Since Cy > 0 and (Y is negative ( (b=p)

1.1.2  The basic reproductive number The basic reproductive number () has played a crucial role in
determining whether an infectious disease can spread through a population. It is defined as the expected
number of secondary infections resulting from an introduction of a single infectious individual into a
disease-free population (Anderson and May (1991)). If Ry < 1, the number of individuals infected by
the pathogen declines, and if 2y > 1, the number increases with each generation.

Here, we use a method of the next-generation matrix to calculate Ry. The element (7, j) of the matrix
represents the expected number of new infections of type 7 caused by an (infected) individual of type j
(Diekmann and Heesterbeek (2000); Diekmann et al. (2010)). There are three types of infections in
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model (1): I, V1, and V. Hence, the next generation matrix is

0 0 BN
(LtA) 7
K = 0 0 0
aM?® (1—o)aM 0

(pt-d+) (u+A)

with N = (b — u)/q and M° = (g — n)/x. The basic reproductive number of (1) is then the largest
eigenvalue of the matrix & (Diekmann and Heesterbeek (2000); Diekmann et al. (2010)) and is given
by:
aMON?
Ry = ﬂ— 3)
(k+d+7)n

Note that we use a square of the largest eigenvalue as Ry.

1.1.3  Stability analysis We first establish the stability of the disease-free steady state PV.

Theorem 1 The disease-free steady state P° of (1) is locally asymptomatically stable in T if Ry < 1 and
it is unstable if Ry > 1.

PROOF. This theorem can be proved by the definition of Ry and theorems in (Diekmann and
Heesterbeek (2000); Diekmann et al. (2010)). We examine this theorem by considering the signs of

eigenvalues of the Jacobian matrix of (1) at the disease-free steady state PY as follows:

[ b—2gN°  —gNO +7b—rigN® b—2¢gN° — gN© + ryb— 0 0 —BN° 7]
r2gN° + (1 — p12 — p13)
0 —(p+d+7) 0 p13A 0 BN
JO = 0 v —1 praA 0 0
0 0 0 —(u+ ) 0 0
0 —aM?® 0 —(1-98)aM® g—22M°—n g—22M°
i 0 aM® 0 (1—8)aM® 0 - |

Eigenvalues of J° are givenby A\; = b —2¢N® — 1, \o = —p, A3 = g —22M° —n, Ay = —(p + A), and

N = —etdty ) £Vt dty £ n)? +dnlet d+7)(Ro — 1)
. .

Clearly, all the eigenvalues of J° are negative if and only if Ry < 1.

Theorem 2 If Ry < 1, the disease-free steady state P° of (1) is globally asymptomatically stable.

PROOEF. Let us define a function V as follows:

pnp13A + (1 — 5)5auM°NO) ”
1-
(1+A)
Clearly, V is positive definite as V(I,V;, W) > 0 for all I, V}, and W and V(I,V}, W) = 0 if and only if
I =V, =W = 0. Because
V= (BWS — (n+d+ 7))+ BuN® (alU + (1 — §)aViU — nW) — (1 = 6)BapMONOV,
< pn (BWN? — (u+d +)I) + BuN® (eI M° + (1 = 6)aVi M° — nW) — (1 — §) BapuMON VA,
= p(p+d+~)n(Ro — 1)1,
we have V < O forall [,Vi,W # 0and V = 0for ] = V; = W = 0if Ry < 1. By the LaSalle’s

invariance principle (LaSalle (1976)), ) is a Lyapunov function and consequently the disease-free steady
state PV of (1) is globally asymptomatically stable if Ry < 1.

V = unl + BuN"W + (
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Studying stability of P* in (1) directly is unwieldy and not tractable. Hence, we omit it and will shortly
make additional assumptions to study a simpler system in this supplement.

1.1.4 Impacts of vaccinated ruminants Neither the disease-present steady state nor the basic
reproductive number gives information of possible consequences from an introduction of vaccinated
ruminants with live vaccines into areas in which live vaccines have not been implemented previously.
Here, we demonstrate that the introduction of vaccinated ruminants into the areas may lead to a higher
number of infectious ruminants.

From (1), we have ‘
I>p13AVi = (p+d+)1.
Hence,
d(ePHFENTLY > p1a AV (0)elH N7 g7
Integrating both sides on the interval [0, ¢] gives
e+t _ e*(wdﬂ)t)
(d+v—=2A)

for any 7(0) > 0. Hence, even if 7(0) = 0, we have I(t) > 0 for t > 0 if ruminants vaccinated with live
vaccines are introduced. Even without the introduction of additional vaccinated or infectious ruminants,
having I(t) > 0 for some ¢ > 0 would lead to an outbreak if Ry > 1. Note that vaccinated ruminants by
live vaccines can also transmit RVFV to mosquitoes and consequently increase the number of infectious
ruminants.

I > p13AV1(0)

1.2 WITH VACCINATION (p11, 1 # 0)

When vaccination is present, studying dynamics of (1) directly can be difficult and unwieldy. Let us
assume that the total number of ruminants is constant (N = NY) (herdsmen may maintain the size
of animal herds), so that A,.(S,1, R, Vi) = puN° 4 dI. We also use the theory of asymptomatically
autonomous systems to study the qualitatively equivalent system for a mosquito population.

In the absence of RVFYV, one has
M = (g —axM)M —nM = Ay (M) —nM.

Hence, A, (0) = 0, Ap(0) = g > 7, and A,,(M) = —2z < 0. The mosquito carrying capacity M°
satisfies .
A (M®) = nM® and A (M°) = —g + 20 = (n — (9 — 1)) <.
The latter condition assures the asymptotic stability of MY such that
A (M) > nM, for 0 < M < M.

When RVFV is present, A, (M) < Ay, (MY). Therefore, under the assumption that A,.(S, I, R, V;) =
puNP+-dI and by the theory of asymptotically autonomous systems (Thieme (1992), Brauer et al. (2008)),

the system (1) is equivalent to the system in which S is replaced by N° — I — R — V; and M is replaced
by its limit as follows:

I =BW(N®—1—R—V1)+p1sAVi — (u+d+ )1,
R =71+ p1aAVi — pR,

Vi=pugr(N? =1 —=R—Vi) = (n+ AV,

W =al(M° W)+ (1-368)aVi (MY —W) —nW.

“4)
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1.2.1 Steady states As S = N Uand U = MY when RVFV is absent, there is no disease-free steady
state of (4). If a disease-present steady state of (4) in ' exists (by setting the right hand sides of (4) equal
to zero), it is in the following form:

(I, R, Vi, W) = P§ = (I*, R*, Vi, W¥)

with

x _ 1 * _ p11¢$1uN° _ p1191 (1)
VI =h1 = hol™ I = Srgrt ox v ragen 12 = p11¢1(p12/\+u)+u(u+/\)> ’
R* = hg + hyl* (hy = 2222 p 7—/)12)\}12)
B m )
W = 15l (hy = (1— 6)aMOhy, hg = aMO(1 — (1= 8)hy), hy = (1 — 8)ahy + 1,

hg = a(l = (1 = d)hz)),
and [* satisfying
asI** + a1 1* + ag = 0,
where

az = (pt+ d + v)hg + p13Ahahg + Bhe(1 + ha — ha),
a] = (,u +d+ ’y)h7 + p13>\(h2h7 — hlhg) + ﬁ[h5(1 + hg — hg) — hG(NO — hy — hg)],
ap = —p13Ahihy — Bhs(N® — hy — hg).

It is not obvious that a positive and real root exists for the equation. However, by exploring the value of

I* under certain parameter values numerically, our results suggest that /* exists and is positive.

1.2.2  Stability analysis Now we prove the stability of the disease-present steady state ;.
Thorem 3 The disease-present steady state Fy of (1) is locally asymptomatically stable in T'.

PROOF. We linearize the system (4) at the disease-present steady state. The Jacobian matrix at I is
given by:
—ailr —ai2 —aiz  aiq

gt — | @ —axn  axp 0
—ag1r —azz —azz 0
a41 0 a43  —a44

with a1 = 5W*—|—,u+d+% aio = W™, a13 = (ﬁW* —,013/\)7 a14 = B(NO—]* - R* —Vl*), as1 =
v, age =, agg = p12A, az1 = p11d1, azz = p11P1, azz = p11P1+p+ A, asn = a(M°—W*), as3 =
(1—368)a(M® —W*), agyy = oI* + (1 — §)aVj* + 1. The characteristic equation of J* is

24 a1z3 + a2z2 +azz+aq4 =0
with

a1 = a11 + a2 + ass + aq4,

a2 = a11022 + a11a33 + a11044 + a12a21 + a22a33 + a22044 + 4230432 + A33044 — 013031 — 14041,

a3 = 11022033 + 011022044 + 011033044 + 411023032 + 412021033 + 412021044 + 114031043
+a92a33a44 + a23032044 — A12023031 — A13021032 — (13022031 — (13031044 — 014022041
—Q14a33041,

a4 = 11022033044 + 411023032044 + 012021033044 + 014021032043 + G14022031043
—Q12023031044 — 013021032044 — 013022031044 — 014022033041 — 014023032041 -
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According to the Routh-Hurwitz criteria, the disease-present steady state is locally asymptomatically
stable if and only if

a; >0, a3 >0, ag >0, and ajazasz > a% + a%a4.

If Pg exists, a; > 0 for ¢ = 1,...,4 so that a; > 0 and we have ajjassase> > aj2a93a31,

a12a21a33 > 13091032, and ajjassass > ajzageaszi. Because ﬁ(NO — I — R* — Vf)o&(MO —
+d+7) [ —p13AV]" .

W*) = [ 1*1)(1—51;%/31* U < (M + d + ’7)77, we obtain aj1a33a44 > 13031044 + 114033041

and ajjaseaqq > ajgasoaqr. Hence, as > 0. For a4, we have ajjagsassass > ai13a22a31a44 +
114022033041, (11023032044 > (12023031044 + 014023032041, and a12a21a33044 >  13021032044.
Consequently, ay > 0. Analytically showing that ajasag > a% + a%a4 can be very unwieldy. By using
simulations to explore a sign of ajazas — (a% + a%a4) under possible values of parameters, it suggests
that this quantity is positive. For example, if 1/u = 5.7,7 = 8/365,m = 0.3,1/¢ = 141/365, p11 =
0.8, p12 = 0.9, p13 = 0.05,1/X = 21/365,a = 256, p, = 0.14, p,, = 0.35,1/n = 60/365, k = 1.5, and
0 = 0.8, which is a set of parameters used in several of our simulation results, ajasas — (a% + a%a4)
5.05 x 10%. When parameters are more towards the extinction of RVFV, such as 1/p = 10,7
8/365,m = 0.1,1/¢ = 100/365, p11 = 1,p12 = 0.999, p13 = 0.001,1/X = 4/365,a = 100, p,
0.1,pm = 0.1,1/n = 10/365,k = 0.5, and § = 1, we find ajazag — (a3 + a3as) ~ 9 x 10'1. When
parameters are more towards the RVFV establishment that (for example) 1/u = 1,7 = 30/365, m =
0.9,1/¢ = 200/365,p11 = 0,p12 = 0.999,p13 = 0.2,1/X = 30/365,a = 500,p, = 0.5,py, =
0.5,1/n=90/365,k = 10, and § = 0, ajasas — (a3 + aay) =~ 3.6 x 101°.

Q

2 ANALYSIS OF THE VACCINATION MODEL WITH KILLED VACCINES

Let us consider the following model:

S =M (S, I, R, V2) + (1 — pa2)vVa — BWS — p21¢2S — S,
I =pWSH+(1—0)WVa — (u+d+)1,

R =1+ pavVa — uR,

Vo = p2162S — (1 = 0)BWVa — (n+v)Va,

U = An(M) — alU — U,

W =alU — W

®)

with A (S, 1, R, Vo) = (b—gN)(S+ R+ Va) + r1(b— gN)I, Ay (M) = (g — xM)M, g = (b — p)/N°
(where NV is the carrying capacity of a ruminant population), x = (g — 1) /M? (where M is the carrying
capacity of a mosquito population), b > p, and g > 7. We define the closed and positively invariant set:

(b—p) (g—n)
Ik — (S,[,R,VQ,U,W)GRQF‘S+[—|—R+V2§T,U+W§T7 .
S>0,1>0,R>01,>0U>0W >0

2.1 STEADY STATES

There are five steady states of the system (5):

1. PY = (0,0,0,0,0,0) is a disease-free steady state with extinction of both ruminant and mosquito
populations;

2. P =(0,0,0,0,(g —n)/z,0) is a disease-free steady state with extinction of a ruminant population;
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3. P2 =(5%0,R?, V227 0,0) is a disease-free steady state with extinction of a mosquito population

g2 — (b=
qlp21p22P2v+1p21 P2+ (p+v)]’
R2 — (b—p) p21p22v 2
qlp21p2202v+pp21P2+p(utv)]’
V2 — (b—p)pp21¢2

2 7 qlpa1paadavtup21dat+p(ptv)]’

4. P3 = (83,0, R3, V33, (g — n)/x,0) is a disease-free steady state with vaccine administration in a
ruminant population (S3 = 52, R3 = R?, and V3’ = V),

5. P* = (S*I*, R*, V5", U*, W*) is a disease-present steady state

g — [(=o)g=m)Bal” | (u+l/)] [ po1¢oa® (ptd+y) (nt+al*)?
p21d2x(n+al*)  paid2 | | (g—n)Bal(1—0)(g—n)Bol*+(u+v)z(n+al*)+(1—0)p21d2z(n+al*)] |
R* — VI (g=n)Ba[(1=0) (g—n) Bal* +(p+)x(n+al*)+(1=0) pa1dox(n+al*)|+pan pasveow’ (utd+y) (n+al*)?
u(g—n)Bal(1-0)(g—n)Bal*+(ptv)z(n+al*)+(1-0)p21 g2z (n+al*)] ’

Vo — p21¢22° (ptd+y) (n+al*)?
2 7 (g—n)Bal(1-0)(g—n)Bal*+(ptv)x(ntal*)+(1—0)pa1pox(nt+al*)]’
U* = g—nn
m((n+031 P
x _ (g—n)a
W = z(n+al*)’

where [* satisfies the following equation:

b=q(S*+ I+ R+ Vy) + (S + R+ V5 ) +71(b—q(S* + " + R* + V) I*
+(1 = pao)vV5' — BWFS™ — pa1¢aS* — uS* = 0.

Theorem 4 The disease-free steady state P° of (5) is unstable in T*.

PROOF. We linearize system (5) at P°. The Jacobian matrix at PV is given by

b— p21da — 1 r1b b b+ (1 — ,OQQ)V 0 0

0 —(p+d+7v) O 0 0 0

Jo — 0 gl —H P22V 0 0
p2102 0 0 —(u+v) 0 0

0 0 0 0 g—n g

0 0 0 0 0 —n

Eigenvalues of J° are g — 1, —n, —(p + d + 7), and those of

. b—pag2—p b b+ (1—p2n)v
= 0 —p P22V
P2102 0 —(u+v)

Because g > 1), the eigenvalue g — 7 of (5) is always positive and consequently PV is unstable.

As studying stability of other steady states in (5) can be unwieldy and not tractable, we omit it and
investigate the basic reproductive number of (5) and a simpler system under some additional assumptions.

Frontiers
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2.2 THE BASIC REPRODUCTIVE NUMBER

By considering the next-generation matrix of (5), there are two types of infections: / and W. The next
generation matrix is given by

0 BN —R*—V$)+(1-0)BVS
K= aM® !
(ntd+7) 0

with N = (b— 1) /q and MY = (g — n)/z. The basic reproductive number of (5) is the largest eigenvalue
of the K matrix and is described by:

k BaMONOu(u+v) + (1 = 0)BaM N upa1 ¢
O+ d+ ) [p21p22der + ppaide + p(p+v))

(6)

Note that we use a square of the largest eigenvalue as ng . From the definition of ng and theorems
Diekmann and Heesterbeek (2000) and Diekmann et al. (2010), the disease-free steady state P2 of
(5) is locally asymptomatically stable in I'* if Ry < 1 and unstable if Ry > 1.

2.3 CONSTANT NUMBERS OF RUMINANTS

Let us assume that the total number of ruminants is constant in (5) (N = N?), that A (S IR, Vo) =
puN® +dIl and S = NV — I — R — V. We use the theory of asymptomatically autonomous systems for a
mosquito population so that U can be replaced by M° — W (see Section 1 for further details).

[=BW(NY—I—R—=Vo)+(1—0)WVa— (u+d+)I,
R =1+ paovVa — pR,

Vo= po1¢p(NY =TI —R—Va) — (1= 0)WVa — (4 v)Va,
W =al(M° - W) —qW.

(7

2.3.1 Steady states There are three steady states of (7):

1. P)=(I,R,Va,W) = (0,0,0,0) is a disease-free steady state with no administration of vaccination;

1 _ _ 1 771 _ p21p22$2vN° (1p21 62 N° ) :
2. Fy = (I,R,Va, W) = (0,R,V5,0) = <0’ p21p2292V+pp21 P2+ (p+v)’ P21p22¢2'/+up21¢>2+ﬂ(ﬂ+”)’O 15

a disease-free steady state with administration of vaccination;
3. PO1 = (I,R, Vo, W) = (I*, R*, V5, W*) is a disease-present steady state with

RF =2 p21p22$2v (N —I*) —yI*] [l * 1)
Iz pl(al*+n)(p21 pa2pav+p21 p2ptp(utr))+u(l—o)Bal* MO]
Vi — p2162[u(N°—T*) —yT*][al* 4]
2 (I *+n)(p21p22¢p2v+p21d2p+p(ptv))+u(l—o)Bal* MO?
W* = al*MP°
al*+n>

where [* satisfies the following equation:
BWH(N = I* = R* = V5') + (1 = o) BW*V5 — (u+d+7)I* =0,

which leads to a polynomial of degree 3 in I*.
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2.3.2 Stability Because Pé) can be obtained from PO1 by setting ¢2 = 0 or p2; = 0, we only study the
stability of Py in (7).

Theorem S The disease-free steady state Pol of (5) is locally stable in T* if and only if R’S <1

PROOF. This theorem can be proved by the definition of Ry and theorems in Diekmann and
Heesterbeek (2000) and Diekmann et al. (2010). We examine this theorem by using the Routh-Hurwitz

criterion. The Jacobian matrix of (7) at P& is as follows:

—(u+d+7) 0 0 BN = R' = V') + (1 — o) V4
g v — P22V 0
- —p2102 —p21¢2  —(p21d2 +p+v) —(1—0)Vy
aMO 0 0 —n

The characteristic equation of .J! is given by:
M AN+ aa\® + ash +ag =0
with

ail
a2

(+d+~v+n)+ 2u+ v+ pada),

n(p+d+75)+ (p+d+v+n0)2u+ v+ page) + (p21p22d2v + pp21de + p(p +v))
—BaMO(NY — RY — Vil + (1 — o) V),

ag = n(p+d+7)(2u + v+ p21¢2) + (1 +d 4+ v +n)(p21p22dov + ppa1ge + pu(pn +v))
—(2p + v+ p21¢2)BaMO(NO — R — VI + (1 — o) V),

n(p+d+ ) (p21p2d2v + pp2¢2 + p(p +v))

—(pa1p22dpov + pp21d2 + p(p + 1)) BaMO(NY — Rt — Vi + (1 — o) V3.

By the Routh-Hurwitz criteria, PO1 is locally asymptomatically stable if and only if

a4

a1 >0, ag >0, ag >0, and ajasas > a% + a%agt.
Under the assumption that all parameters have positive values, it is clear that a; > 0. Since
(1 +v) + (1 = o) ppard) NV
(p21p222v + ppa1 2 + pu(p +v))’

we can rewrite a9 and a4 in terms of R’g and other parameters as follows

a3 =n(p+d+5)2p+ v+ pa1g2) + (u+d + v +n)(p21p22por + pp21d2 + p(p +v))
—n(p+d+v)2u+rv+ pz1¢2)RIS,

NO—R'— V) +(1-0)Vy =

and
as = (g + d +7)(p21pazdav + pp21d2 + p(p + ) (1 — R).

Consequently, if R’g < 1, ag > 0 and a4 > 0. Moreover, if R("j > 1, a4 < 0 and PO1 is unstable. After
canceling some terms out, we obtain

aragaz — (a3 +afas) = nlp+d+7)(p+d+7y+n0)(2p+ v+ pade)(1 — RE)?
n(p+d+9)(p+d+y+n)2 2+ v+ pag)(1 — RE)
0+ d+7)(+d+y+n0)(2u+ v+ pade)3(1 — RE)
(4 d+ v+ )220+ v+ pad2)(p21p22dav + pp21d2 + p(p + v))
(4 d 4y +1)2p + v + pada)(parpaagar + pp2de + p(p + v))?
+2n(p+d+7)(n+d+ 7+ )20+ v+ pordo) R
+(2p + v + p2192)(pa1p22dar + ppa1go + p(p + 1))

<[(p+d+y+n)?=22(p+d+)(p+d+y+n),

Frontiers 9
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which is always positive if R’g < 1. By Routh-Hurwitz criterion, PO1 of (§) is stable if and only if R’g <1

Proving that the disease-present steady state P* of model (5) is locally stable in T'¥ if and only if R’g > 1
can be unwieldy but can be done by using Routh-Hurwitz criterion and numerical studies of some criterion
(see Section 1 for live vaccines as an example). However, we omit the proof here.

3 ADDITIONAL RESULTS
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Figure 1. Time from the beginning of an outbreak to a peak when (A) live vaccines are administered and the probability that ruminants are vaccinated (p11)
and the probability that they acquire immunity (p12) vary; (B) killed vaccines are used and the probability that ruminants are vaccinated (p21) and the
probability that they receive repeated doses (p22) vary; (C) live vaccines are used and p11 and the reduction factor of transmission in vaccinated ruminants
(9) vary; and (D) killed vaccines are used and p2; and the reduction factor of transmission in vaccinated ruminants (o) vary.
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Figure 2. Epidemic size and endemic numbers when none of ruminants are vaccinated before an outbreak: (A) the epidemic size of an outbreak for live
vaccines when the probability that ruminants are vaccinated (p11) and the probability that they acquire immunity (p12) vary; (B) the epidemic size of an
outbreak for killed vaccines when the probability that ruminants are vaccinated (p21) and the probability that they receive repeated doses (p22) vary; (C) the
endemic number for live vaccines when p11 and p12 vary; and (D) the endemic number for killed vaccines according to the changes of p21 and p22.

Frontiers 11



Frontiers Supplementary Material

= =
'S 'c
> o}
IS E
E E
(@) (o))
£ <
E E
o o
[&] [&]
© ©
o) o)
[<] o
a a
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
prob(vaccinated by live vaccine) prob(vaccinated by live vaccine)
4
x 10
_ _ 2.2
= =
5 5 2
IS E
E E 1.8
(@) (o))
c c
= = 1.6
> >
g g
8 8 1.4
Qo Qo
[<] o
a a 1.2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
prob(vaccinated by live vaccine) prob(vaccinated by live vaccine)
_ _ 500
= =
S 5 450
IS IS
£ £ 400
o o
= = 350
> o}
g g 300
‘8 ié 250
o o
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
prob(vaccinated by live vaccine) prob(vaccinated by live vaccine)
— _ 500
z z
5 5 450
IS IS
E E 400
(@) (@)}
£ £ 350
>3 >
g g 300
'8 '5 250
Q. [oX
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
prob(vaccinated by live vaccine) prob(vaccinated by live vaccine)

Figure 3. Epidemic size and endemic numbers with different vaccination strategies and vaccine efficacy of live vaccines. (A)-(D) show the epidemic sizes
according to the changes of the probability that ruminants are vaccinated by live vaccines (p11), the probability that they acquire immunity (p12), and vaccine
efficacy where (A) the reduction factor of transmission from ruminants to mosquitoes (J) is 0.8 and the probability of reversion to virulence (p13) is 0.05; (B)
6 =0.8and p13 = 0.2; (C) § = 0.6 and p13 = 0.05; (D) § = 0.6 and p13 = 0.2. (E)-(H) show the endemic number according to the changes of p11 and
p12, and vaccine efficacy where (E) § = 0.8 and p13 = 0.05; (F) § = 0.8 and p13 = 0.2; (G) 6 = 0.6 and p13 = 0.05; and (H) 6 = 0.6 and p13 = 0.2.
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Figure 4. Epidemic size and endemic numbers with different vaccination strategies and vaccine efficacy of killed vaccines. (A)-(B) show the epidemic sizes
according to the changes of the probability that ruminants are vaccinated by killed vaccines (p21) and the probability that they receive repeated doses (p22)
when the reduction factor of transmission in ruminants vaccinated by killed vaccines (o) is 0.8 and 0.6, respectively. (C)-(D) show the endemic numbers
according to the changes of p21 and p22 with o = 0.8 and 0.6, respectively.
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